SAO has set up a testbed to study coronagraphic techniques, starting with Labeyrie's multi-step speckle reduction technique. This technique expands the general concept of a coronagraph by incorporating a speckle corrector (phase and/or amplitude) in combination with a second occulter for speckle light suppression. Here we are describing the initial testbed configuration. In addition, the testbed will be used to test a new approach of the phase diversity method to retrieve the speckle phase and amplitude. This method requires measurements of the speckle pattern in the focal plane and slightly out-of-focus. Then we will calculate a phase of the wave from which we can derive a correction function for the speckle corrector. Furthermore we report results from a parallel program which studies new manufacturing methods of soft-edge occulter masks. Masks were manufactured using the spherical caps method. Since the results were not satisfying we also investigated the method of ion beam milling of masks. Here we will present the outline of this method. Masks manufactured with both methods will be fully characterized in our mask tester before their use in the testbed.
INTRODUCTION
Direct imaging of extra-solar planets is important for determining the properties of individual planets and to study multiplanet systems. Obtaining spectra of extra-solar planets enables us to constrain the composition of planetary atmospheres and surfaces, their climates, and their rotation periods. The techniques required to isolate and detect an extra-solar planet next to its host star are quite challenging and require significant improvement. The dominant program for imaging exoplanets is NASA Terrestrial Planet Finder (TPF) 1 . The current requirements for the TPF telescope system are very challenging in regards to manufacturing the primary mirror and then in controlling the telescope environment such that the changes are extremely small. Further challenging requirements are set for the star light suppression system which basically tries to correct the wavefront of the light coming from an observed host star to near perfect before it enters the coronagraph. In our ongoing program, we are studying an alternate approach, Labeyrie's multi-stage speckle reduction (MSSR) technique 2 , which should lower the requirements on the telescope system and possibly on its metrology as well. In §2 we describe the MSSR technique and present simulations showing its performance. In order to demonstrate the MSSR technique in the lab, we have designed a testbed which is described in §3. A essential element of the testbed are soft-edge occulter masks. These masks are typically manufactured using lithographic methods, e.g. optical lithographic methods and High Energy Beam Sensitive (HEBS) glass photomasks (JPL and Canyon Materials, Inc.). Our program has pursued an alternate method by manufacturing masks as spherical caps (see §4.1) and is currently investigating a new approach by ion beam milling molds which are filled with absorbing material (details are in §4.2).
LABEYRIE'S MULTI-STEP SPECKLE CORRECTION METHOD

Background
An alternative approach has been suggested by Labeyrie 2 . Figure 1 shows an optical layout of Labeyrie's approach, called "multi-stage." Instead of correcting the telescope wavefront before the coronagraph, Labeyrie suggests that measurements be made of "the phase of the speckle pattern" in the image plane of a Lyot coronagraph. The speckle pattern is the result of the phase errors on the primary mirror and other optics in the system up to the coronagraph. An adaptive element (e.g. a deformable mirror) is then applied with a conjugate of the phase in the speckle pattern, setting the net phase to approximately zero. This results in the speckle having a plane wave component emanating from the coronagraph focal plane. A lens following the corrector re-images the telescope pupil. The plane wave of scattered light will be mostly focused into a small spot in the center of that re-imaged pupil plane. A second occulter blocks the central spot and the result is re-imaged to another focal plane. Measurement of the phase must be made with a field that does not contain a planet or any other faint object (e.g. by imaging another star). This correction will then improve the contrast between the faint object and the background by as much as a factor of 10. Several additional stages of correction continue to improve the contrast ratio. Measurement and correction of the speckle phase need only be as accurate as 1/4 wave, greatly relaxing the requirements on the adaptive optics (AO) system. The pupil plane stop can be fairly large (e.g. up to 10 % of the pupil diameter) without attenuating much of the signal of the off-axis planet or source. Imperfect correction of the focal plane phase just causes the spot to spread out but it is still blocked by the stop. The Labeyrie approach will relax substantially the requirement that the wavefront accuracy of the large optics be better than 10 -6 wave. Initial numerical simulations showed good results with a wavefront error of 1/1000 wave of the initial wavefront which has to be demonstrated in the proposed laboratory tests. . However, instead of a camera, a phase corrector is placed near Focal Plane 2. It aligns the phases of the speckle light such that it can be focused onto a second occulter near Pupil Plane 2 where it is removed. Left is the planet light which is then focused onto a camera (or enters a second speckle reduction step).
• ....
• ..
•tb .
.,:, ..•; . ;.t. '.
Simulations
Before designing the testbed setup for the multi-step speckle correction technique, we simulated the approach using Fourier optics (compare the results by Gonsalves 3 in this proceedings). The steps in our simulation are: (1) simulating the telescope, (2) simulating the coronagraph, (3) simulating the multistage speckle reduction, and (4) applying possible post-processing to the acquired images. The imperfections in the primary mirror are simulated using the specification of the power spectral distribution (PSD) for the TPF demonstration mirror 4 . The resulting phase screen is then rescaled to the desired wavefront error. We assumed a wavefront error of λ/1000; however, this number can be changed to any wavefront error. The occulter in the coronagraph can be selected. The current choices are a sinc 2 or Gaussian profile absorbing mask. The mask parameters, e.g. diameter of the mask, can be adjusted to optimize the system. Also, a resttransmission can be specified to better simulate real occulters. We assumed a typical value of 10 -10
. Future improvements include the implementation of reading arbitrary mask profiles from file to compare measured results with the simulations. The phase corrector did correct the phase on the same pixel raster as the simulation was performed. In our testbed, the phase corrector will not have such a high resolution. Thus, future improvements of the simulator will take the limited resolution of the phase corrector into account. The speckles show a very high, but not perfect, rotational symmetry. In addition, the image had to be shifted by 1 pixel vertically and horizontally for the best line-up of the speckles. In any case, the planets still show up as circular objects with a point-symmetric negative counterpart. Since the shape of the planets seems to be invariant when shifting the image, but the "shadows" of the speckles (the negative component) move around the speckles, planets should be easily identifiable. The number of speckle reduction steps can be reduced, if both, the phase and the amplitude, can be corrected. In this case, only 1 to 2 steps might be required assuming sufficient resolution in the correcting component.
TESTBED DESIGN
In the initial design, SAO's coronagraphic testbed consists of the following elements: 1) the simulated source, 2) the Lyot coronagraph, 3) a single speckle reduction step, and 4) the camera. In the initial configuration we are going to use a 1 mW He-Ne laser. The output beam is fed into a spatial filter with a 10 mm objective and a 10 µm pinhole. The transmitted light enters the coronagraph uncollimated. The coronagraph consists of a 2-inch diameter, spherical mirror with a surface accuracy of λ/1000 at 633 nm from WavePrecision Inc. at a distance of about 2 meters from the pinhole. The now converging beam passes through an apodizer, a cosine function HEBS mask from Canyon materials, and focuses onto the occulting mask. The occulting mask can be any mask that we manufactured in our project (see §4). The final elements of the coronagraph are the Lyot stop followed by a 1-inch, 0.5-m radius, spherical mirror with a surface accuracy of λ/1000 at 633 nm from WavePrecision Inc. (all following mirrors will be of the same type).
The phase correcting element in our single step speckle corrector is a deformable mirror from Boston Micromachines Inc. This mirror has 140 elements, a 12-by-12 pixel array with the mirrors in the corners missing. The size of a single pixel is 275 x 275 µm with 300 µm spacing and the total array size is 3.3 by 3.3 mm. The stroke per element is 2 µm with 2 nm repeatability. The corrected speckle light is focused on a second occulter, effectively eliminating most of the speckle light. It should be noted that we do not expect as high a speckle suppression as the simulation showed since the deformable mirror has a resolution of less than 6 cycles per aperture compared to less than 256 cycles per aperture in the simulation. The final "cleaned" image is focused onto the detector. The detector is a Apogee CCD camera, ST-401. The CCD is the Kodak full-frame CCD KAF-0401E with 768 by 512 pixels of 9 by 9 µm size. The dynamic range at room temperature is 74 dB. Figure 3 shows the testbed during test alignment of the coronagraph while waiting for delivery of the telescope mirror. The 2-inch spherical mirror still awaits delivery and is temporarily replaced by a 1-inch mirror. It can be seen that the CCD camera is mounted on a high precision translation stage allowing us to move the camera in the z-direction. This enables us to take images in-and out-of-focus to retrieve the phase of the wave at the corrector in order to calculate an error signal for the deformable mirror. At the beginning of this section, it was emphasized that this is the initial testbed configuration. Future modifications include testing a possible phase and amplitude correction scheme using an existing spatial light intensity modulator in conjunction with the deformable mirror. Another modification would be to introduce a second He-Ne laser to simulate a planet. This can be achieved by inserting a beamsplitter after the spatial filter. The initial configuration does not include the beamsplitter to make alignment easier and to reduce the number of optical elements (or wavefront error sources).
MASK DEVELOPMENT
Introduction
Our project includes two parallel efforts to manufacture soft-edge occulter masks for suppressing the host star light by >10 10 . The first program is a cooperative effort between Harvard University and the Smithsonian Astrophysical Observatory (SAO), and the second program is at Lockheed-Martin. Here we focus on the efforts at Harvard and SAO. The Lockheed-Martin effort is the subject of a future paper.
Figure 3:
Setup of SAO's coronagraphic testbed during alignment testing of the coronagraph only. The laboratory background has been masked out.
Spherical Caps Occulters
Our initial occulter mask manufacturing pursued the method of making spherical caps or droplets. A suspension of a chromophore (absorbing material) in an optically neutral carrier, an inorganic or polymeric glass, forms drops on the mask holder. The mask parameters can be controlled through adjusting the diameter of the cap and the contact angle. The radius of curvature of the mask is defined by the diameter and the contact angle. The theoretical absorption profile is compared to a Gaussian absorption profile in Figure 4 . Although it is not a Gaussian profile, it still represents a soft-edge occulter mask. As absorbing material we tested readily available absorbers like ink, copy machine toner, and graphite powder. As carrier we tried vacuum grease, optical cement, and epoxy. The only suitable combination was graphite powder in optical cement. Measurements 5 of its optical properties showed only a minor wavelength dependency between 400 and 800 nm. However, the manufactured mask did not show the absorption profile from Figure 4 , but an almost Gaussian absorption profile if plotted on a log scale. Simulating the mask with a beam propagation model (see Figure 5) showed that the mask behaves closer to a hard-edge occulter rather than a soft-edge occulter with Gaussian absorption profile. Further evaluation of the masks under a microscope revealed unfavorably large graphite grains of many wavelengths diameter (see Figure 6 ). Ongoing efforts mainly focus on finding new chromophores to replace the graphite powder. The granular structure of the mask can be seen in this picture. The circular object next to "Diameter" is dust.
Ion Beam milled Occulter Masks
Ongoing efforts include the study of a new method of mask manufacturing. The basic steps of this method are outlined in Figure 7 . This effort uses the FEI Dual Beam Focused Ion Beam System consisting of a fully digital Field Emission Scanning Electron Microscope integrated with Focused Ion Beam Technology at Harvard's Center for Imaging and Mesoscale Structures (CIMS). Currently we are studying steps 1 and 2 in order to precisely control the shape of the pit. Figure 7 shows an approximation of the pit shape in order to achieve an occulter with Gaussian absorption profile. In parallel with this we are performing simulations to show with which precision the pit has to be drilled.
1. Ion beam milling of a pit in a sacrificial substrate using a Focused Ion Beam (FIB). One possible material would be silicon due to its optical flatness and all the advanced layer deposition and removal capabilities that have been developed for semiconductor processing.
2. Filling the pit with a chromophore-bearing glass and polishing (mechanical or chemical-mechanical planarization).
3. Deposit of a transparent handle.
4. Dissolution of sacrificial material.
Mask after dissolution of sacrificial material.
Basically the mask is done. However, there would be an unwanted phase transition on the surface of the opaque mask part.
6. Deposition of chromophore free glass. The glass will match the real part of the refractive index between the absorbing and the transparent part to avoid undesired refraction effects. 
Mask Tester
In parallel with the manufacturing of occulter masks we have designed a mask tester. The mask tester consists of a HeNe laser source, collimating optics, x-and y-translation stage, pinhole, detector, and control electronics. A schematic of the setup is shown in Figure 8 . The laser beam is focused with a focal spot size of about 1 µm. The location of the focal spot will be in the mask plane which is perpendicular to the optical axis of the tester. The occulter will be mounted on an x-and y-translation stage. The translation stage can be moved with 50 nm repeatability over a 1-inch range. This enables us to scan over the entire mask area. The transmitted beam is then fed through a pinhole onto a pin diode detector. The test setup will be computer controlled and needs only an initial rough alignment such that the mask is completely in the scan range. Once a mask has been scanned, its profile can be retrieved using the maximum entropy method (MEM). Future experiments will show how well this characterization method works.
